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ABSTRACT 

We present the results of a coniparison between the optical morphologies of a complete 
sample of 46 southern 2Jy radio galaxies at intermediate redshifts (0.05 < z < 0.7) 
and those of two control samples of quiescent early-type galaxies: 55 ellipticals at 
redshifts z ^ 0.01 from the Observations of Bright Ellipticals at Yale (OBEY) survey, 
and 107 early-type galaxies at redshifts 0.2 < z < 0.7 in the Extended Groth Strip 
(EGS). Based on these comparisons, we discuss the role of galaxy interactions in the 
triggering of powerful radio galaxies (PRCs). We find that a significant fraction of 
quiescent ellipticals at low and intermediate redshifts show evidence for disturbed 
morphologies at relatively high surface brightness levels, which are likely the result 
of past or on-going galaxy interactions. However, the morphological features detected 
in the galaxy hosts of the PRCs (e.g. tidal tails, shells, bridges, etc.) are up to 2 
magnitudes brighter than those present in their quiescent counterparts. Indeed, if we 
consider the same surface brightness limits, the fraction of disturbed morphologies 
is considerably smaller in the quiescent population (53% at z < 0.2 and 48% at 
0.2 < z < 0.7) than in the PRCs (93% at z < 0.2 and 95% at 0.2 ^ z < 0.7 considering 
strong- line radio galaxies only). This supports a scenario in which PRCs represent a 
fleeting active phase of a subset of the elliptical galaxies that have recently undergone 
mergers/interactions. However, we demonstrate that only a small proportion (^20%) 
of disturbed early-type galaxies are capable of hosting powerful radio sources. 

Key words: galaxies: active - galaxies: nuclei - galaxies: interactions - galaxies: 
evolution - galaxies: elliptical. 



1 INTRODUCTION 

Simulations of hierarchical galaxy evolution predict that 
the periods of black hole (BH) growth and nuclear activ- 
ity are intimately tied to the growth of the host galaxy, and 
that the triggering of the main phase of this nuclear ac- 
tivity in gas-rich mergers will always be accompanied by a 
major galaxy-wide starburst (Kauffmann & Haohnelt"2000'; 
Pi Ma ttc o ct al. 2005; Springcl gt_al. 2005; Hopkins ct al. 
2008313; ISomerville etaH 120081 ). However, the order of 
events and the timescales involved in both the trigger- 
ing of the merger-induced starburst and the nuclear ac- 
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tivity remain uncertain (see e.g. Canalizo fc Stocktonll2000l : 
Wild et a l. 2010; Tadhu^ereT^lioi^^ 

Ba sed on cosmological simulations, iHopk ins et al.l 
(j2008bD suggested a bimodality in the BH triggering mech- 
anisms: luminous quasar-like activity is associated with the 
formation of classical bulges and ellipticals via galaxy merg- 
ers, whereas the less luminous Seyfert-like activity is associ- 
ated with the formation of pseudobulges and bulgeless galax- 
ies via secular processes. Under the assum ption that ma- 
j or, gas -rich mergers trigger quasar activity, iHopkins et al.l 
(j2008bl ) reproduce the observed quasar luminosity function 
from z=0 to z=6. They also compare with a secular model 
in which the nuclear activity is driven by bars or instabilities 
and show that, although these processes probably dominate 
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at luminosities typical of Seyfert galaxies, they contribute 
very little to the 2: > 1 quasar luminosity density. 

From an observational point of view, a bimodality in 
formation mechanisms (and hence in AGN triggering) is 
supported by the fact that, whereas classical bulges and 



Best et alj I2OO6I: iHardcastle et all l2007l : iBalmaverde et all 
20081 : iButtiglione et al.ll2010l ). 



ity dispersion and BH mass ( 


Kormendv & Richstond 


19951; MaEorrian et alJ 1 19981: 


Gebhardt et all 2000l: 


Ferrarese & Merritt 2000l: Greene & Hoi 20061). buke- 



less galaxies and those with pseudobulges show no clear 
evidence for such a correlation (|Kormendv et al.ll2011^ . 

Galaxy interactions are one of the most effi- 
cient mechanism to transport the cold gas required 
to trigger and feed AGN to the center of galax- 
ies (iKauffmann fc Haehneltl I2OO0I: ICox et al.l |2006| . l2008l : 
ICroton et al.l I2OO6I : iDi Matteo et al.l l2007t ) and many ob- 
servational studies of powerful AGN (i.e. quasar-like) 
have revealed a high in cidence of interaction signatures 
in their host galaxies dHeckman et al. 19861: Hutching^ 
19871: ISmitiTfc Hcckman 1989; Can alizo fc StocktonI I2OOII : 



Canalizo et al.ll2007l : lBennert et al.ll2008l . Ramos Almeida et 



al. 2011). However, all these studies lack comparisons with 
appropriate samples of quiescent (i.e. non-active) galaxies 
to confirm that the percentage of interacting systems in 
powerful AGN is larger than in the quiescent population. 
Indeed, based on high spatial resolution Hubble Space Tele- 
scope (HST) i mages of a sample o f nearby radio galax- 
ies and quasars, iDunlop et al.l l|2003l ') found evidences that 
their hosts are indistinguishable from quiescent ellipticals 
of similar mass. Moreover, for moderately luminous AGN 
(i.e. Seyfert galaxies, Lboi ~ 10*^ — 10*^ erg s~^) several 
studies find that the incidence of disturbed morphologies is 
not significantly en h anced over th e gene r al population (e.g. 
Malkan et al. Il998l : iGrogin et al.l l2005l : iGeorgakakis et all 
2009 : Gabor et al.l l2009l : Cisternas et al. 2011), although 



some others find the opposite result (e.g. Keel et al] 1 19961 : 
IKuo et aLlliooi : IKoss et aLllioiol : lEUison et al.ll201ll ). 

I n our p revious work (Ramos Almeida et al. 2011; here- 
after |[rA11|) we studied the optical morphologies of a com- 
plete sample of 46 southern 2Jy radio galaxies at inter- 
mediate redshifts (0.05 < z < 0.7) and found that the 
overall majority of the sample (up to 85%) show peculiar- 
ities in their optical morphologies at relatively high levels 
of surface brightness. Our study indicates that galaxy in- 
teractions are likely to play a key role in the triggering 
of AGN/jet activity, especially in the case of strong-line 
radio galaxies (SLRGsjj, of which 94% appear disturbed. 
On the other hand, of the weak-line radio galaxies (WL- 
RGsj^ in the 2Jy sample, only 27% show clear evidence for 
tidal features. These results are consistent with the most 
accepted explanation for the differences between the prop- 
erties of SLRGs and WLRGs, in which SLRGs are powered 
by cold gas accretion, while WLRGs are fuelled by accre- 
tion of hot gas from their X-ray coronae (|Allen et al.ll2006l : 



^ SLRGs comprise narrow-line radio galaxies (NLRGs), broad- 
line radio galaxies (BLRGs) and quasars, i.e. they are radio galax- 
ies with strong and high equivalent width emission lines. 
^ WLRGs have optical spectra dominated by the stellar continua 
of the host galaxie s and small emission line equivalent widths 
(EW[o//i] < 10 A: lTadhunter et aLllTool) . 



The high percentage of disturbed morphologies in the 
2Jy sample of radio galaxies contrasts with the results found 
for lower luminosity AGN in, for example, the r ecent exten- 
sive stud y by Ci stern as et al. (201 1; hereafter I IGIII ). How- 
ever, thel lRAllI andl lClj studies can be reconciled by con- 
sidering the differences in the depth of the observ ation s and 
sample selection. First, the images employed in l lCllI were 
obtained with the Advanced Camera for Surveys (ACS) on 
the HST and are not as deep as our Gemini Multi-Object 
Spectrograph South (GMOS-S)/Gemini observations: the 



limiting surface brightness level of those HST ima ges is 2 3.3 
mag arcsec"^ in the ACS F814W filter, whereas in I IraiiI we 
detected features as faint as 26.3 mag arcsec"^ in the same 



band (using colour trans formations for elliptical galaxies 
from iFukugita et all 1 19951 ') . Thus, the imaging observations 
used in I Clll . with a surface brightness limit 3 magnitudes 
brighter than ours, are not sensitive enough to reveal faint 
diffuse tidal features in their AG N an d control samples, even 
if present. Second, the AGN inl lCllI were selected at X-ray 
wavelengths and the galaxy hosts are mostly disks with lu- 
minosities more typical of luminous Seyfert galax :ies (me dian 
Lboi ~ 10***erp s"^). In contrast, the AGN in I IR A 111 were 
selected according to their radio emission and the major- 
ity have quasar-like luminosities that are typic ally an order 
of magnitude higher than those of the | ICllI sample (me- 
dian value of Ljoi ~ lO^^'^erg s^^ for the SLRGs in the 2Jy 
sampl^ and they are almost exclusively hosted by ell iptical 
galax ies. T hus, the differences between the findings of llRAllI 
and I ICllI can be explained by the luminosity-dependent 
bimodality in t he BH trig gering mechanism s sugg ested by 
iHopkins et"al] l|2008bl 'l and lKormendv et all (|201ll ). as well 
as by the differences in depth between the observations em- 
ployed. 

If galaxy interactions are the main triggering mecha- 
nism for radio-loud AGN activity in our sample, then it is 
expected that the signs of morphological disturbance will be 
stronger and more common in the radio source host galax- 
ies than in the general populatio n of quiescent ellip ticals. 
Studies of nearby red galaxies (e.g. Ivan DokkumllioOSi ) have 
shown that the majority of quiescent luminous ellipticals 
were assembled through gas-poor mergers, which explains 
their old stellar populations and high central densities. How- 
ever, triggering and feeding a powerful radio source (and oc- 
casionally star formation; see lTadhunter etiil ] |201ll ) is likely 
to require a larger amount of cold gas to be accreted into the 
central regions of the galaxy. The morphological signatures 
of gas-rich interactions (such as tidal tails, shells, bridges, 
etc.) ar e brighter than those produced in gas-poor inter- 
actions iNaab et al.ll2006l : iBell et al.ll2006l : iMcIntosh et al.l 
I2OO8I ). Thus, the surface brightness of the various morpho- 
logical features can be used as an indicator of the type of 
interaction. In addition, the features resulting from gas-rich 
interactions are expecte d to be visible over t i me-scales be- 
tween 0.5 and 1.5 Gyr (|Le Fevre et al.ll2000l : iPatton et al] 



Lfjoj was deriv ed from the [O III] l uminosities of the individual 
galaxies listed in lDicken et al. 1 1 I2OO9I) by applying the bolometric 
correction factor of 3500 reported in iHeckman et al.l l i2004l 'l for 
low-redshift quasars. 
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analy sis of t he optical morphologies of PRGs. In the first pa- 
per ij lRAllh . we presented deep Gemini images for the 2Jy 



l2002l : IConselice eFal] l2003l : iKawata et al] |2006| ). whereas 
those form ed in gas-poor interactions are visible for only 
-150 Myr (|BeU et al.ll200^ ). 

This is the second in a series of papers based on the 
ily sis of t h 
ij lRAllh . 

sample and compared the results found for the PRGs with 
various samples of qui escent ellipticals and/or red galax- 
ies from the literatur e ijMalin fc Cartel! 1 19831 : Ivan DokkumI 
I2005I : IraT et alJ I2OO9I ) . However, only th e obser vations re- 
ported in the study of iMalin fc Carted (| 19831 ). which is 
based on photographic plates, have similar surface bright- 
ness depth to our PRC sample {fiv ^ 25.5 mag arcsec~^). 
After comparing with the latter study we concluded that the 
percentage of morphological disturbance of the PRGs (up 
to 85%) greatly exceeds that found for quiescent elliptical 
galaxies when the same surface brightness depth is consid- 
ered (—10%). However, in order to make a more quantitative 
comparison, it is necessary to develop control samples of el- 
liptical galaxies at similar redshifts and masses, probing the 
same scales and depths, and using CCD imaging data. In 
this paper we present the results from such a comparison. 
In Section 2 we describe the control sample selection and 
observations. In Section 3 we present the observational re- 
sults. The comparison between the morphologies of PRGs 
and quiescent elliptical galaxies is discussed in Section 4, 
and the main conclusions from this work are summarized in 
Section 5. Throughout this paper we assume a cosmology 
with Ho = 70 km s"^ Mpc"\ f2™ = 0.27, and Qa =0.73. 



2 SAMPLE SELECTION AND OBSERVATIONS 



The objects studied in I iRAllI comprise all pow erful ra- 
dio ga laxies (PRGs) and quasars from the Tadhu nter et al.l 
l| 19931 ') sample of 2Jy radio galaxies with S2.TGHZ ^ 2.0 Jy, 
steep radio spectra af.r > 0.5 {F^, oc f'"), declinations 
5 < + 10° and redshifts 0.05 < z < 0.7 (see Tab l e 1 in 
l lRAllI) . It is itself a subset of the IWall fc Peacockl (Il985l ) 
complete sample of 2Jy radio sources. The z > 0.05 limit en- 
sures that the radio galaxies are genuinely powerful sources, 
while the z < 0.7 limit ensures that sources are sufficiently 
nearby for detailed morphological studies. 

In terms of the optical classification, the sam ple com- 
prise s 24% WLRGs and 76% SLRGs (^Tadhunter et al.1 
Il998l ). Considering the radio morphologies, Fanaroff- Riley II 
(FRII) sources constitute the majority of the sample (72%), 
13% are Fanaroff- Riley I (FRI), and the remaining 15% are 
compact, steep-spectrum (CSS) or Gigahe rtz-peaked spec- 
trum (GPS) sources (see Table 1 inl lRAllI) . 

Moderately luminous AGN (e.g. those studied inl lCllI ) 
have a relatively high surface density and can be easily se- 
lected in deep field surveys, together with appropiate control 
samples of quiescent galaxies. On the contrary, quasars and 
radio galaxies are much rarer and cannot be studied using 
narrow, deep field surveys. In consequence, it is more chal- 
lenging to develop control samples for such objects. 

Since radio galaxies are al most invariably assoc iated 
with elliptical hos ts (see e.g. iHeckman et al.l Il986l and 
iDunlop et al] 120031 ) . we searched in the literature for sam- 
ples of elliptical galaxies with similar masses and redshifts as 
our 2Jy PRGs. In addition, similar angular resolutions and 



depths are required to probe the same spatial scales and sur- 
face brightness levels. Our sample of 46 PRGs was imaged 
with the Gemini Multi-Object Spectrograph South (GMOS- 
S) on the 8.1-m Gemini South telescope at Cerro Pachon 
under good seeing conditions (median seeing of 0.8", rang- 
ing fr om 0.4"to 1.15"). The GMOS-S detector (|Hook et al.l 
l2004h comprises three adjacent CCDs, giving a field-of-view 
(FOV) of 5.5x5.5 arcmin^ with a pi xel size of 0.146". 
The morphological features reported in l lRAlU have a me- 
dian surface brightness of /iv = 23 .6 maa arcsec~^ and 
Afiv ~ [21,26] mag arcsec~^. See l lRAll for a more de- 
tailed description of the GMOS-S observations. Thus, after 
considering all these factors, we finally selected control sam- 
ples of elliptical galaxies in two redshift ranges which best 
match the 2Jy sample host galaxies: the Observations of 
Bright Ellipticals at Yale (OBEY) survey and the Extended 
Groth Strip (ECS) sample. 



2.1 The OBEY survey 

The OBEY survey (|Tal et al.| l2009') is a volume-limited and 
statistically complete sample of 55 luminous elliptical galax- 



ies selected from the Nearby Galaxies Catalog (|Tu11vI 



19881: 



see Table [T]). It consists of all elliptical galaxies in the Tullvl 
(1988) catalog with declinations between -85 and -1-10, at 
distances from 16 to 40 Mpc, and Ms <-20.4 mag, once cor- 
rected to the cosmology considered here. The sample com- 
prises galaxies from a wide range of different environments: 
36% are field galaxies, 33% are in groups, and 18% are in 
clusters, including members of the Virgo, Fornax, Centau- 
rus, and Antlia clusters. These g alaxy envi r onme nts were 
determined from the literature by iTal et al.l (|2009l ) and no 
classification is reported in that study for the remaining 
13%. This wide variety of environments in the OBEY sur- 
vey matches those typical of FRII radio galaxies, which are 
found in field/groups as w e ll as in moderately rich clusters 
llPrestage fc Peacockl [l988l : ISmith fc Heckmanlll99(il : IZirbell 
Il997h and constitute the majority of our PRC sample (72%). 

Thus, we have a sample of 55 giant eliptical galaxies 
at redshifts z^O.Ol and with absolute magnitudes Ms = [- 
22.5,-20.4] mag. If we assu me no evolution for massive ellip- 
tical galaxies since z=0.2 (|Cimatti et al.|[2006l : iFaber et al.l 
l2007h . we can compare the OBEY sample with the PRGs 
in the 2Jy sample at 2 < 0.2. In Figure [1] we show a com- 
parison between the absolute magnitudes of the 24 PRGs 
with z < 0.2 and the 55 quiescent ellipticals from lTal et al.l 
l|2009h . The Mb values for the PRGs have been calculated 
from the Galactic extinction-, cosmological dimm ing-, and k- 
corrected r'-band mag nitudes reported inllRAlU Colours of 
elliptical galaxies from lFukugita et al.l (|l995l ) have been used 
to convert the magnitudes to the B-band, resulting in abso- 
lute magnitudes within the interval Ms — [—22.1, —20.3] 
mag. From the comparison between the two Ms distri- 
butions shown in Figure [T] the significance level of the 
Kolmogorov-Smirnov (KS) statistic is 0.04 (i.e. there is only 
a 4% chance that the two distributions are drawn from the 
same parent population) . The low value of the KS probabil- 
ity is due to the larger number of Ms > —21 mag ellipticals 
in the OBEY sample compared to the PRGs. However, both 
distributions span the same range in absolute magnitude and 
we prefer to keep the complete sample of 55 quiescent ellip- 
tical galaxies rather than reducing the number of fainter 
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GALAXY R.A. Dec z Ms (B-V) Obs. date Tc Morphology Group 



NGC 0584 


01:31:20.7 


-06:52:05 


0.0060 


-20.98 


0.92 


2006-08-22 


0.076 


2S,B 


1 


NGC 0596 


01:32:52.1 


-07:01:55 


0.0062 


-20.52 


0.90 


2006-08-23 


0.110 


S,F 


2 


NGC 0720 


01:53:00.5 


-13:44:19 


0.0058 


-20.68 


0.96 


2006-08-24 


0.079 


2F 


2 


NGC 1199 


03:03:38.4 


-15:36:49 


0.0085 


-20.39 


0.97 


2006-01-25 


0.067 




5 


NGC 1209 


03:06:03.0 


-15:36:41 


0.0086 


-20.66 


0.95 


2006-01-26 


0.116 


T,3F,[D] 


2 


NGC 1399 


03:38:29.1 


-35:27:03 


0.0047 


-20.64 


0.98 


2008-09-30 


0.064 




5 


NGC 1395 


03:38:29.8 


-23:01:40 


0.0057 


-20.59 


0.94 


2006-01-27 


0.094 


3S 


2 


NGC 1407 


03:40:11.9 


-18:34:49 


0.0059 


-21.32 


0.93 


2006-01-28 


0.083 




5 


NGC 2865 


09:23:30.2 


-23:09:41 


0.0087 


-21.00 


0.78 


2006-03-28 


0.193 


3S,2T,[D] 


2 


NGC 2974 


09:42:33.3 


-03:41:57 


0.0064 


-20.93 


0.95 


2006-02-05 


0.110 


SJDl 

' L J 


2 


NGC 2986 


09:44:16.0 


-21:16:41 


0.0076 


-21.00 


0.99 


2006-01-30 


0.045 


[B] 


5 


NGC 3078 


09:58:24.6 


-26:55:37 


0.0086 


-20.93 


0.97 


2006-01-31 


0.103 




5 


NGC 3258 


10:28:53.6 


-35:36:20 


0.0093 


-20.62 


0.92 


2006-02-01 


0.123 


[2N] 


5 


NGC 3268 


10:30:00.6 


-35:19:32 


0.0093 


-20.58 


0.96 


2006-02-03 


0.087 


S 


2 


NGC 3557B 


11:09:32.1 


-37:20:59 


0.0096 


-20.43 


0.86 


2006-02-04 


0.182 


21 


2 


NGC 3557 


11:09:57.6 


-37:32:21 


0.0103 


-22.48 


0.87 


2006-01-31 


0.111 


F.[S] 


2 


NGC 3585 


11:13:17.1 


-26:45:18 


0.0047 


-21.23 


0.91 


2006-03-29 


0.048 


2S 


2 


NGC 3640 


11:21:06.8 


-(-03:14:05 


0.0041 


-21.08 


0.92 


2006-04-01 


0.142 


S,4F 


2 


NGC 3706 


11:29:44.4 


-36:23:29 


0.0099 


-21.44 


0.93 


2006-01-26 


0.120 


2S 


2 


NGC 3904 


11:49:13.2 


-29:16:36 


0.0052 


-20.41 


0.94 


2006-01-28 


0.108 


S 


2 


NGC 3923 


11:51:01.8 


-28:48:22 


0.0058 


-21.53 


0.95 


2006-01-29 


0.100 


4S 


2 


NGC 3962 


11:54:40.1 


-13:58:30 


0.0060 


-21.03 


0.95 


2006-03-30 


0.059 


S 


2 


NGC 4105 


12:06:40.8 


-29:45:37 


0.0064 


-20.66 


0.87 


2006-02-02 


0.109 


2F,T 


1 


NGC 4261 


12:19:23.2 


-1-05:49:31 


0.0074 


-21.71 


0.98 


2006-04-03 


0.053 


T,F 


2 


NGC 4365 


12:24:28.2 


-1-07:19:03 


0.0041 


-20.82 


0.97 


2006-03-29 


0.070 


F 


2 


IC 3370 


12:27:37.3 


-39:20:16 


0.0097 


-21.53 


0.89 


2006-04-02 


0.192 


F,S,D 


2 


NGC 4472 


12:29:46.7 


+08:00:02 


0.0033 


-22.12 


0.97 


2008-06-09 


0.000 




5 


NGC 4636 


12:42:49.9 


-1-02:41:16 


0.0031 


-20.98 


0.93 


2006-03-28 


0.066 


F 


2 


NGC 4645 


12:44:10.0 


-41:45:00 


0.0087 


-21.18 


0.95 


2009-04-18 


0.000 




5 


NGC 4697 


12:48:35.9 


-05:48:03 


0.0041 


-21.97 


0.92 


2006-04-04 


0.091 




5 


NGC 4696 


12:48:49.3 


-41:18:40 


0.0098 


-22.35 


0.94 


2008-06-08 


0.075 


S,D 


2 


NGC 4767 


12:53:52.9 


-39:42:52 


0.0099 


-21.43 


0.93 


2008-06-10 


0.000 


2S,[D] 


2 


NGC 5011 


13:12:51.8 


-43:05:46 


0.0105 


-21.40 


0.89 


2006-04-05 


0.077 




5 


NGC 5018 


13:13:01.0 


-19:31:05 


0.0093 


-21.76 


0.85 


2008-06-03 


0.184 


3T,3S,[D] 


2 


NGC 5044 


13:15:24.0 


-16:23:08 


0.0092 


-21.31 


0.98 


2008-06-06 


0.041 




5 


NGC 5061 


13:18:05.1 


-26:50:14 


0.0069 


-21.49 


0.85 


2006-04-01 


0.104 


T,S 


2 


NGC 5077 


13:19:31.7 


-12:39:25 


0.0093 


-20.82 


0.98 


2006-03-30 


0.061 


[S],[D] 


5 


NGC 5576 


14:21:03.7 


+03:16:16 


0.0049 


-20.70 


0.88 


2008-06-06 


0.122 


3T,S 


2 


NGC 5638 


14:29:40.4 


+03:14:00 


0.0055 


-21.42 


0.94 


2008-06-07 


0.036 


T,S 


2 


NGC 5812 


15:00:55.7 


-07:27:26 


0.0065 


-20.88 


0.94 


2008-06-08 


0.080 


T 


2 


NGC 5813 


15:01:11.2 


+01:42:07 


0.0065 


-21.07 


0.95 


2008-06-09 


0.054 




5 


NGC 5846 


15:06:29.3 


+01:36:20 


0.0057 


-21.46 


0.98 


2008-06-07 


0.068 


3S,2N 


2,3 


NGC 5898 


15:18:13.5 


-24:05:53 


0.0070 


-20.79 


0.92 


2006-04-05 


0.114 


3T,D,2N 


2,3 


NGC 5903 


15:18:36.5 


-24:04:07 


0.0085 


-21.18 


0.89 


2006-04-05 


0.075 




5 


IC 4797 


18:56:29.7 


-54:18:21 


0.0089 


-21.05 


0.92 


2006-08-23 


0.226 


T,I,[D] 


2 


IC 4889 


19:45:15.1 


-54:20:39 


0.0085 


-20.85 


0.88 


2006-08-18 


0.158 


F 


2 


NGC 6861 


20:07:19.5 


-48:22:13 


0.0094 


-21.10 


0.95 


2006-08-19 


0.123 


D 


4 


NGC 6868 


20:09:54.1 


-48:22:46 


0.0095 


-21.36 


0.97 


2006-08-20 


0.096 




5 


NGC 6958 


20:48:42.6 


-37:59:51 


0.0090 


-20.83 


0.86 


2006-08-22 


0.122 


3S,[D] 


2 


NGC 7029 


21:11:52.0 


-49:17:01 


0.0094 


-20.41 


0.86 


2006-08-22 


0.085 




5 


NGC 7144 


21:52:42.4 


-48:15:14 


0.0064 


-20.66 


0.91 


2006-08-17 


0.100 




5 


NGC 7196 


22:05:54.8 


-50:07:10 


0.0097 


-20.62 


0.91 


2006-08-19 


0.171 




2 


NGC 7192 


22:06:50.1 


-64:18:58 


0.0099 


-20.85 


0.92 


2006-08-20 


0.096 


s 


2 


IC 1459 


22:57:10.6 


-36:27:44 


0.0060 


-20.88 


0.96 


2006-08-18 


0.137 


4S 


2 


NGC 7507 


23:12:07.6 


-28:32:23 


0.0052 


-20.51 


0.94 


2006-08-21 


0.084 


S 


2 



Table 1. Full classification of the OBEY survey ordered by R.A. Columns 2, 3, and 4 list R.A., declination and spectroscopic redshift 
as re ported in th e NASA/IPAC Extragalactic Database (NED). Columns 5, 6, and 7 correspond to the B-band absolute magni tudes 
fromlTu Uvl lll9 8^ and corr ected to Ho = 70 km Mpc~^, the Vega (B-V) colors within effective rad ius from [Michardl | |2005|) and 
Ide Vaucouleurs et al.l lll99lh . and the dates of observation. Column 8 lists the tidal parameter reported in lTal et al.l | |2009|) . Columns 9 
and 10 list our morphological classification (T: Tail; F: Fan; B: Bridge; S: Shell; D: Dust feature; 2N: Double Nucleus; 3N: Triple Nucleus; 
A: Amorphous Halo; I: Irregular feature. Brackets indicate uncertain identification of a feature), and division in groups: 1) galaxy pair 
or group in tidal interaction; 2) galaxies showing T,F,S,D,A,I; 3) multiple nuclei (inside a 10 kpc); 4) galaxies with dust as the only 
detected feature, 5) isolated galaxies with no sign of interaction. Features with uncertain identification have not been considered in the 
statistics discussed in this study. 
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Figure 1. Comparison between the B-band absolute magnitudes 
of the PRGs in t he 2J y sample at z < 0.2 (top panel) and those 
of the iTal et al.l l|2009h sample of quiescent ellipticals at z^O.Ol 
(bottom panel). 



objects. In addition, as we discuss in Section 13.1.31 we do 
not find any significant correlation between luminosity and 
the level of morphological disturbance. 

The 55 galaxies in the OBEY survey were imaged 
with Y4KCam, which is a 4Kx4K CCD camera optimzed 
for wide-field broad-band imaging mounted on the 1 m 
SMARTS telescope at the Cerro Tololo Inter- American Ob- 
servatory (CTIO) between 2006 and 2009. The final images 
are a combination of several pointings of 300 s in the V- 
band, resulting in very d eep frames with exposure times 
between 4200 and 7200 s. iTal et al.l (j2009l ) reported a de- 
tection threshold of fiy ~ 27.7 mag (in this work we have 
measured a surface brightness of fj,v ~ 28.2 mag arcsec"^ 
for the faintest feature detected, as shown in Section [3. 1.4p . 

The data were binned in order to improve the signal- 
to-noise of the images, which have a final pixel size of 
1.156" and a typical value of the seeing of ~1.7". More de- 
ta ils on the s ampl e selection and observations can be found 
m iTal et all (|2009l ) and are summarized in Table [1] The im- 
ages are then deeper than the GMOS-S images of the PRCs 
in the 2Jy sample, for which the faintest detected feature 
has a fiv = 26.2 mag arcsec"^, and both the pixel size and 
the average seeing are larger than those of the 2Jy radio 
galaxies (0.146" /pixel and FWHM~0.8" respectively for the 
CMOS-S images). However, considering that the galaxies 
in the OBEY sample are at a median distance of 36 Mpc 
(spatial scale of ~170 pc arcsec"^) and the PRCs (those at 
z < 0.2) at 423 Mpc (spatial scale of ~1700 pc arcsec"^) the 
effective resolution will be better in the case of the OBEY 
survey images. Thus, considering that the latter images are 
deeper and the resolution better, we will likely detect fainter 
and smaller features than for the PRCs. Even in the case of 
large-scale diffuse structures, the fact that the OBEY images 
are two magnitudes deeper than those of the 2Jy sample will 
allow us to detect them. Summarising, by using the same 
classification technique employed for the PRCs, we will be 
able to detect the same morphological signatures, if present, 
in the OBEY survey. Any possible bias will lead to a rela- 
tive enhancement of the number of detected fe atures i n this 
sample relative to the PRG sample studied in l lRAlll . 



Since no observations of photometric standard stars 
were taken during the OBEY survey observations, we 
self-calibrated the images using aperture photometry 
measurements of the samp le of elliptical galaxie s from 
iPrugniel fc Heraudeaul (|l998h . as in lTal et al.! (|2009l ). 



2.2 The Extended Groth Strip sample 

In order to develop a control sample for the PRCs in 
the 2Jy sample at redshifts 0.2 ^ z < 0.7 we have 
used the Rainbow Cosmological Surveys databas^ which 
is a compilation of photometric and spectroscopic data, 
jointly with value-added products such as photometric 
redshifts, stellar masses, star formation rates, and syn- 
thetic rcst-framc magnitude s, for several dee p cosmol ogica l 
fields (|Perez-Gonzalez et al.ll2008l : iBarro et al.ll2009l . I2OI1I '). 
Specifically, we have selected our control sample in the EGS 
(q = 14^ 17™, 5 = -H52° 30') which enlarges the HST Groth- 
Westphal strip (|Groth et al.lll994h up to 2° x 15' and has 
the advantage of being a low extinction area. We chose the 
ECS because it is a survey that covers sufficient area, and 
consequently enough galaxies, to extract statistically mean- 
ingful results, and because of the vast amount of public data 
available, including photometric redshifts, abso lute magni- 
tudes , colours, and deep imaging in the optical (jPavis et al.l 
[2003). Indeed, here we use broadband images in the Rc fil- 
ter obtained with the Subaru Telescope, which are similar 
in pixel size and dep th to the GMOS-S images of the PRCs 
employed inl lRAlli 

Thus, we selected all the galaxies in the EGS with the 
same redsh ift and absolute magnitude ranges as the PRCs at 
z ^ 0.2 inl lRAllI (0.2 ^ z < 0.7 and -22.2 ^ Mb ^ -20.6 
mag respectively). The limiting values of this M b rang e were 



defined by considering NLRGs and WLRCs inl lRAll 



the quasars and BLRGs are likely to be contaminated by a 
large contribution from AGN emission. From this first selec- 
tion we discard the sources in the EGS detected in X-rays 
(i.e. possible ACN) and foreground stars. The stars were 
automatically identified based on a combination of several 
criteria including their morpho logy (stellarity index ) and 
thei r optical/NIR col ours (see iPerez-Conzalez et al.l I2OO8I 
and H arro et all I2OIII for details on the star-galaxy sepa- 
ration criteria). In order to identify elliptical galaxies, we 
imposed a colour selection criterion: initially we selected all 
the sources with rest-frame colours (M^-Mg) > 1.5, typi- 
cal of galaxies locat ed in the red sequence in the colour- 
magnitude diagram tel antonllioO^ '). 

We choose this initial colour selection rather than mor- 
phologically selecting elliptical galaxies from the outset in 
order to avoid possible biases. The goal of this paper is to 
compare the morphologies of quiescent ellipticals with those 
of PRGs; by morphologically selecting elliptical galaxies (ei- 
ther by eye or automatically) we could be discarding highly 
disturbed sources, leading to a underestimation of interact- 
ing systems in the control sample. After applying the colour 
selection, we made a first visual classification of the sources 
into three groups: elliptical galaxies (E), possible disks (PD), 
and disks (D). According to Bundv et al.l l|2010l ). the red se- 
quence is populated not only by elliptical and SO galaxies. 



https://rainbowx.fis.ucm.es/Rainbow_Database 
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Mb [mag] photometric redshift 



Figure 2. Comparison between the B-band absolute magnitudes 
of the PRCs in the 2Jy sample at 0.2 z < 0.7 (top panel) and 
those of the red galaxies in the EGS (bottom panel). 



Figure 3. Comparison between the spectroscopic redshifts of the 
PRCs in the 2Jy sample at and the photometric redshifts of the 
red galaxies in the EGS (bottom panel). 



but also by early-type spirals. We then discarded all the 
galaxies that appeared as clear disks and kept the ellipti- 
cal galaxies and possible disks in the sample. The latter 
might include disturbed ellipticals that look more disk-like, 
or so/early-type spirals. After considering all these criteria, 
we have a control sample of 107 red early-type (ET) galaxies 
in the EGS (see Table EJ. 

In Figures [2] and [3] we show the comparison in absolute 
magnitude and redshift between the PRGs and the EGS 
control sample. Note that in Figure [2] we do not include the 
6 BLRGs and quasars with Mb < -22.2 mag. The EGS red- 
shifts are photometric with an average quality of Az/(l+z) 
= 0.03. The absolute magnitudes were estimated by convolv- 
ing the best fitting galaxy templates, used to calculate the 
photome tric redshifts, with the appropriate filter transmis- 
sion (see iPerez-Gonzalez et aklliooa : iBarro et al.ll2009l . I2OIII 
for specific details). The significance level of the KS statis- 
tic from the comparison between the two Ms distributions 
shown in Figure [2] is 0.18, indicating that there is no sig- 
nificant difference between the two samples in terms of the 
distribution of absolute magnitude. The same is valid for 
the comparison between the redshift distributions (Figure 
[3|, for which the value of the KS probability is 0.15. 

The EGS was imag ed with the Subaru Prime Focus 
Camera (Suprime-Cam: [Mivazaki et al.|[2002h . which is a 
mosaic of ten 2048x4096 CCDs, located at the prime fo- 
cus of Subaru Telesco pe. Details on the observations of the 
EGS can be found in (|Zhao et al.ll2009l ). It covers a 34x27 
arcmin^ FOV with a pixel scale of 0.202" . The Suprime-Cam 
data consist of four Rc-band images of 1200 s exposure time 
that co ver the entire fiel d to a 5(t limiting AB magnitude of 
~26.5 (|Park et al.ll20og ). In this work we have measured a 
surface brightness of = 26.3 mag arcsec"'^ for the faintest 
feature detected, as shown in Section [3. 1.41 The seeing mea- 
sured for the 4 images ranges from 0.60"to 0.72". Thus, the 
data are comparable in depth and resolution to the GMOS- 
S images employed in the study of the morphologies of the 
PRGs. In Figure[4]we present six examples of Suprime-Cam 
images of galaxies in the EGS, showing different levels of 
disturbance in their morphologies. 



3 RESULTS 

3.1 Optical Morphologies 

The main aim of this work is to perform a morphological 
classification of the galaxies in the OBEY and EGS samples 
in the same manner as for the PRGs in the 2Jy sample stud- 
ied in RAll, and then to compare the results. This compari- 
son will allow us to determine whether or not galaxy interac- 
tions are more common in powerful AGN than in quiescent 
galaxies and, consequently, to establish how important these 
interactions are in the triggering of nuclear activity. 



3.1.1 Morphological Features 

The morphological classification of the galax;ies was done 
blind, with no information about any previous work on the 
sources, by CRA visually inspecting the 55 OBEY survey 
and the 107 EGS images. In addition, PB and CT also ex- 
amined the EGS galaxy morphologies and there was agree- 
ment among the classifiers for the majority of the galaxies. 
Any possible confiicts were resolved by re-examining the 
images. The classification of the various features detected 
in the two control sa mples is based on that first used by 
iHeckmaii et al.l (Il986l ) and is exactly the same as employed 
m l lRAlll . Note that the classification of the PRGs was done 
using the fully-reduced GMOS-S original images, before any 
image enhancement technique were applied to them. The 
following morphological features are considered. 

• A tail (T) corresponds to a narrow curvilinear feature 
with roughly radial orientation. 

• A fan (F) is similar to a tail, but shorter and broader. 

• A bridge (B) is a feature that links the radio galaxy 
with a companion. 

• A stiell (S) is a curving filamentary structure with 
a roughly tangential orientation to the main body of the 
galaxy. 

• Dust (D) includes both nuclear dusty features and large 
scale dust lanes. 

• Amorphous haloes (A) are irregular galaxy hosts or 
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Figure 4. Examples of early-type galaxies in the EGS sample. The level of disturbance in their morphologies increases from left to right. 
Images size is 36" side. IDs and classification from Table [2] follow: (a) iracl05193 - undisturbed; (b) iracl45098 - A,T; (c) iraclll427 - 
2N,T,2I; (d) iracl61724 - undisturbed; (e) irac204944 - T,S; (f) iracl24509 - B,2T,F. 



inner features that cannot be clearly distinguished from the 
main body of the gala:xy (e.g. knotty haloes). 

• By irregular (I) we refer to any feature, generally elon- 
gated, that cannot be classified as any of the previous. 

• Double nuclei (2N) are those composed of two bright 
peaks inside 10 kp c , follo wing the definition employed by 
ISmith fc HeckmanI (Il98£ ) , ba sed on statistical studies of 
cluster gala^xies "(|Hoessel|]l980lfl a nd N- body simulations of 
interacting binary galaxies (|Borne| [ l984l ). 

All of these features, with the possible exception of the 
dust, are very likely the result of galaxy interactions. Sim- 
ulations have shown how spiral-spiral (S-S), elliptical-spiral 
(E-S) and elliptical-elliptical (E-E) interactions can produce 
all of th e features that form the ba s is of o ur classification 
i 3 [l98i: iHernauist fc Soergdl Il992l; [Cattaneo etaP 



l2005l : iLotz et al.ll2008l : iFeldmann et al.l 1200 81). For 



detailed description of how the different features described 
above ar e prod uced, according to simulations, see Section 
5.1.1. inl lRAlll . The classified features for both the OBEY 
survey and the EGS sample are listed in Tables [T] and [2] re- 
spectively. Features with uncertain identification (between 
brackets in Tables \T\ and ^ have not been considered for 
the statistics. Examples of the EGS galaxy morphologies 



5 iHoessell l ll98(f) claimed that typical cluster members are ex- 
pected to experience a close encounter or merger within this ra- 
dius every 10^ years. 



are shown in Figure [4] and all the sample images can be in- 
dividually viewed online in the Rainbow Databas qj. For the 
images of the OBEY survey we refer the reader to lTal et al.l 
(2009). 

The projected linear scales of the tidal features reported 
in Tables [T] and [5] range from less than 10 kpc in the case of 
galaxies with double nuclei, to ~80-85 kpc in the case of long 
tidal tails such as that in NGC 1209 (OBEY survey) and 
bridges linking galaxies as in the case of iracl28074 (EGS 
sample). For the PRGs in the 2Jy sample the longest feature 
that we measured was the spectacular bridge in PKS 0349- 
27, which lin ks the radio galaxy with a distorted conpanion 
at ~83 kpc (j lRAllh . 



3.1.2 



Quantitative versus visual analysis of tidal 
disturbance 



In Section 13.1.11 we described how we performed the vi- 
sual classification of the optical morphologies of the PRG, 
OBEY, and EGS samples. In the following, we compare 
the results of this visual classification of the galaxies in the 
OBEY survey with the quantitative analysis of the degree 
of tidal disturbance carried out bv lTal et al.l (|2009|) for the 
same galaxies. The latter authors fitted an elliptical galaxy 
model to the targets and, after masking the foreground 



https://rainbowx.fis.ucm.es/Rainbow_navigator_public/ 
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IRAC ID 


R.A. 


Dec 




Ms 


(Mu-Mg) 


Type 


Morphology 


Group 


004162 


14:21:29.6 


52:58:35 


0.48 


-20.65 


1.75 


E 




5 


006612 


14:17:29.5 


52:44:33 


0.31 


-21.56 


1.71 


E 


B,F,[D],[T] 


1,3 


006613 


14:17:29.3 


52:44:29 


0.30 


-20.81 


1.70 


E 


B 


1 


056690 


14:15:14.4 


52:12:52 


0.50 


-21.01 


1.70 


E 


[A],[B] 


5 


060191 


14:23:43.2 


53:35:33 


0.57 


-21.82 


1.72 


E 


F 


2 


060958 


14:23:25.2 


53:37:59 


0.40 


-20.84 


1.84 


PD 


T,[A],[B] 


1,2 


061249 


14:23:34.8 


53:35:28 


0.65 


-21.95 


1.68 


PD 


[T] 


5 


066105 


14:23:25.2 


53:26:14 


0.51 


-21.46 


1.64 


E 


[A] 


5 


067417 


14:23:01.4 


53:28:33 


0.39 


-21.25 


1.60 


E 




5 


072533 


14:22:26.9 


53:25:19 


0.33 


-20.67 


1.64 


E 


S 


2 


073519 


14:22:21.1 


53:24:32 


0.49 


-21.20 


1.55 


E 


[A] 


5 


074777 


14:22:24.5 


53:21:09 


0.42 


-21.91 


1.61 


E 


[S] 


5 


074924 


14:22:24.5 


53:20:53 


0.41 


-21.35 


1.67 


E 




5 


077695 


14:22:18.2 


53:16:39 


0.35 


-20.92 


1.69 


PD 


T 


2 


079968 


14:22:02.4 


53:15:17 


0.60 


-21.62 


1.82 


E 


F 


2 


082325 


14:21:22.8 


53:18:39 


0.55 


-22.05 


1.82 


E 


[F] 


5 


083714 


14:21:24.5 


53:15:34 


0.50 


-22.01 


1.52 


E 


F 


2 


088031 


14:21:17.5 


53:09:09 


0.50 


-21.04 


1.68 


E 


F 


2 


090430 


14:21:09.1 


53:07:43 


0.38 


-21.83 


1.75 


E 


A,F,[B] 


2 


092065 


14:21:10.3 


53:05:40 


0.55 


-21.44 


1.80 


E 


B 


1 


092765 


14:20:41.0 


53:11:01 


0.35 


-21.60 


1.77 


PD 


[A],[T] 


5 


093764 


14:20:34.3 


53:11:23 


0.39 


-21.50 


1.52 


E 


[S] 


5 


094231 


14:21:00.0 


53:05:36 


0.41 


-21.98 


1.81 


E 


2F,[T] 


2 


094966 


14:21:21.1 


53:00:27 


0.46 


-21.65 


1.76 


E 


2T 


2 


095727 


14:20:48.7 


53:06:24 


0.38 


-21.59 


1.76 


E 


F,S 


2 


099954 


14:20:14.4 


53:09:06 


0.27 


-20.83 


1.71 


E 


[T] 


5 


102757 


14:19:57.6 


53:09:40 


0.22 


-20.81 


1.71 


E 


2S 


2 


102982 


14:20:56.6 


52:57:14 


0.60 


-21.80 


1.67 


E 


F 


2 


103198 


14:20:43.2 


52:59:46 


0.38 


-21.45 


1.76 


E 


2N,F,S 


2,3 


104038 


14:20:29.3 


53:01:46 


0.46 


-20.72 


1.75 


E 


B 


1 


104729 


14:20:43.0 


52:58:14 


0.63 


-21.76 


1.61 


PD 


A 


2 


105193 


14:20:07.0 


53:05:07 


0.23 


-21.08 


1.90 


E 


[S] 


5 


106324 


14:19:48.0 


53:07:49 


0.26 


-20.85 


1.60 


E 


[T] 


5 


106984 


14:20:47.0 


52:54:57 


0.45 


-20.98 


1.72 


PD 


A, [I] 


2 


111427 


14:20:23.5 


52:55:02 


0.32 


-20.81 


1.66 


E 


2N,T,2I 


1,3 


112580 


14:20:01.2 


52:58:23 


0.51 


-21.62 


1.70 


E 


[B] 


5 


113088 


14:20:00.7 


52:57:57 


0.48 


-21.22 


1.76 


E 


[B] 


5 


113577 


14:19:56.4 


52:58:21 


0.67 


-22.05 


1.56 


PD 


[A] 


5 


114966 


14:20:25.1 


52:50:53 


0.61 


-22.18 


1.69 


PD 


2T,S 


2 


115327 


14:19:37.2 


53:00:20 


0.35 


-20.96 


1.76 


E 


2F,[T] 


2 


115594 


14:20:27.8 


52:49:36 


0.31 


-20.81 


1.78 


E 


2N,T 


2,3 


118942 


14:20:21.8 


52:47:15 


0.37 


-21.04 


1.63 


E 




5 


1 1 QflQR 

±±yDyo 


1 zL-9n- 1 9 
1'4^.ZU. lo. Z 




u.ou 


91 77 


1 .DO 


Hj 




1 9 
1 ,Z 


122098 


14:19:26.6 


52:55:17 


0.22 


-21.34 


1.65 


PD 




5 


124509 


14:19:29.8 


52:51:59 


0.34 


-20.75 


1.84 


PD 


B,2T,F 


1,2 


125663 


14:19:34.8 


52:49:47 


0.53 


-21.53 


1.59 


E 


[F] 


5 


126918 


14:18:57.1 


52:56:12 


0.49 


-21.22 


1.77 


E 


F,[B] 


1,2 


127241 


14:20:00.0 


52:42:54 


0.59 


-21.75 


1.67 


PD 




5 


127457 


14:18:47.0 


52:57:40 


0.50 


-22.08 


1.63 


E 


2N,A 


2,3 


128074 


14:19:09.6 


52:52:25 


0.34 


-20.73 


1.65 


E 


B,[F] 


1 


128416 


14:19:58.3 


52:42:01 


0.58 


-21.51 


1.68 


PD 




5 


132682 


14:18:39.8 


52:53:49 


0.33 


-20.83 


1.51 


E 




5 


135859 


14:18:49.0 


52:48:38 


0.40 


-20.88 


1.80 


E 


[li 


5 



stars and background galaxies in the sky-subtracted and 
flat-fielded images, they divided the masked frames by the 
galaxy model. This process produces an image of the residu- 
als that they translated into a number, the tidal parameter, 
defined as: T=\{Ix,y/Mx^y) — 1|, where lx,y and Mx,y are the 
pixel values at (x,y) of the galaxy and model images, respec- 
tively. They finally applied a correction for the residual noise 
to the latter values, to derive the corrected tidal parameter 



{Tc, seelTaf et al. I l2009l for a more detailed description of 
the methodology). 

Based on the value s of Te determi ned for the galax- 
ies in the OBEY survey. iTal et all (|2009 l') divided them into 
three groups: 1) galaxies showing clear signs of morphologi- 
cal disturbance (Tc > 0.09; 53% of the sample), 2) galaxies 
with marginal disturbance (0.07<Tc < 0.09; 20%), and 3) 
galaxies lacking interaction signatures (T^ < 0.07; 27%). In 
Figure [5] we represent these tidal parameters versus the B- 
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IRAC ID 


R.A. 


Dec 




Ms 


(Mu-Mg) 


Type 


Morphology 


Group 


138794 


14:19:17.5 


52:39:40 


0.50 


-21.23 


1.70 


E 


[T] 


5 


139190 


14:19:00.2 


52:42:49 


0.44 


-20.66 


1.66 


E 




5 


140456 


14:19:08.2 


52:39:53 


0.30 


-21.13 


1.78 


PD 


2T 


2 


140758 


14:19:15.4 


52:38:05 


0.43 


-21.31 


1.68 


E 


S 


2 


141714 


14:18:47.3 


52:42:51 


0.44 


-20.65 


1.76 


PD 


[B],[S] 


5 


143149 


14:18:07.9 


52:49:24 


0.37 


-21.81 


1.77 


E 


T 


2 


143536 


14:18:33.1 


52:43:52 


0.50 


-21.20 


1.81 


PD 


[T] 


5 


145098 


14:18:10.6 


52:46:50 


0.32 


-20.84 


1.70 


E 


A,T 


2 


145434 


14:18:53.3 


52:37:43 


0.48 


-21.68 


1.68 


PD 


4T 


2 


146298 


14:18:35.0 


52:40:34 


0.59 


-21.57 


1.76 


E 


[A] 


5 


152722 


14:17:41.3 


52:44:45 


0.49 


-20.77 


1.55 


PD 


[F] 


5 


156161 


14:18:36.5 


52:29:35 


0.30 


-20.71 


1.79 


E 


T 


2 


157751 


14:18:24.5 


52:30:24 


0.47 


-21.22 


1.81 


E 




5 


157878 


14:17:30.2 


52:41:20 


0.46 


-20.85 


1.70 


E 


F 


2 


159123 


14:18:15.8 


52:30:37 


0.56 


-22.03 


1.70 


PD 


T 


2 


159936 


14:17:28.3 


52:39:26 


0.41 


-21.22 


1.55 


E 


2N 


3 


160442 


14:17:33.8 


52:37:46 


0.47 


-21.90 


1.61 


E 


B,A 


1,2 


160500 


14:17:33.1 


52:37:53 


0.34 


-20.81 


1.78 


PD 


B,2T 


1,2 


161724 


14:17:25.4 


52:38:08 


0.34 


-20.71 


1.95 


PD 


[F] 


5 


165265 


14:17:11.0 


52:37:29 


0.67 


-22.04 


1.55 


E 


B,T 


1,2 


166730 


14:17:53.5 


52:27:22 


0.36 


-21.01 


1.55 


E 


S,T 


2 


169386 


14:16:58.6 


52:35:49 


0.47 


-20.68 


1.55 


PD 




5 


172474 


14:17:19.9 


52:28:24 


0.51 


-20.90 


1.82 


E 


T,B,F 


1,2 


173901 


14:17:32.2 


52:24:15 


0.32 


-21.39 


1.76 


E 




5 


175347 


14:17:08.9 


52:27:09 


0.60 


-21.92 


1.60 


E 


S,[B] 


2 


175590 


14:17:15.4 


52:25:33 


0.56 


-21.68 


1.71 


E 


[A] 


5 


177990 


14:16:41.3 


52:29:02 


0.25 


-21.05 


1.75 


PD 


F,[2N] 


2 


178118 


14:17:20.2 


52:20:51 


0.46 


-21.74 


1.75 


E 




5 


178724 


14:17:15.1 


52:20:51 


0.52 


-21.81 


1.67 


E 


A 


2 


178868 


14:16:57.5 


52:24:09 


0.37 


-22.14 


1.69 


PD 


F 


2 


180420 


14:16:54.0 


52:21:50 


0.54 


-21.91 


1.62 


E 


2N,2T,[B] 


2,3 


181402 


14:16:38.2 


52:23:08 


0.38 


-20.87 


1.76 


E 


[I], [A] 


5 


181444 


14:16:47.3 


52:21:11 


0.31 


-21.63 


1.71 


E 


2S,[I] 


2 


181736 


14:16:27.4 


52:24:39 


0.46 


-20.93 


1.79 


PD 




5 


181914 


14:16:57.6 


52:18:10 


0.36 


-20.72 


1.66 


PD 




5 


182762 


14:16:52.8 


52:17:28 


0.43 


-21.41 


1.71 


PD 


[F] 


5 


183081 


14:16:49.0 


52:17:38 


0.36 


-21.86 


1.71 


E 


F,[T] 


2 


183836 


14:16:43.2 


52:17:21 


0.44 


-21.02 


1.76 


E 


[S] 


5 


184041 


14:16:40.0 


52:17:35 


0.53 


-22.13 


1.75 


E 


F,S 


2 


184315 


14:16:16.8 


52:21:46 


0.50 


-21.61 


1.64 


PD 


2N 


3 


186058 


14:16:08.9 


52:19:59 


0.54 


-21.77 


1.80 


PD 


[A] 


5 


189727 


14:16:15.1 


52:11:21 


0.64 


-21.96 


1.80 


PD 




5 


190795 


14:16:10.3 


52:10:12 


0.51 


-21.19 


1.70 


PD 


T,S 


2 




1/1.1 cr.Qfi c: 

m:. ±o.oD.o 


KO.-\ 1 ./II 




-zu.oy 


i .DD 


Hj 


91\T P 




193507 


14:16:03.1 


52:06:11 


0.47 


-21.91 


1.71 


E 


2N,[B] 


3 


193737 


14:15:54.5 


52:07:30 


0.50 


-20.88 


1.55 


E 




5 


193974 


14:15:31.4 


52:11:46 


0.40 


-21.20 


1.73 


E 


[S] 


5 


194092 


14:15:29.0 


52:12:00 


0.51 


-20.88 


1.66 


E 


[T] 


5 


196827 


14:15:41.3 


52:03:43 


0.37 


-20.86 


1.76 


E 


T 


2 


198295 


14:14:58.6 


52:09:25 


0.54 


-21.91 


1.72 


E 


[S] 


5 


199503 


14:14:56.2 


52:07:26 


0.50 


-21.20 


1.70 


PD 


T 


2 


202111 


14:14:41.3 


52:04:54 


0.27 


-21.16 


1.70 


E 


[S] 


5 


204161 


14:14:57.8 


51:57:54 


0.62 


-21.78 


1.88 


E 


A,[B] 


2 


204944 


14:14:41.3 


51:59:40 


0.28 


-21.55 


1.66 


PD 


T,S 


2 



Table 2. Full classification of the EGS sample ordered by IRAC ID (Rainbow database identifier). Columns 2, 3, and 4 list R.A., 
declination and photometric redshift. Columns 5 and 6 correspond to the B-band absolute magnitudes and (Mn-Mg) rest-frame colors 
from the Rainbow database. Column 7 indicates whether a galaxy has been visually classified as an elliptical or as a possible disk. 
Columns 8 and 9 list the morphological classification and group as in Table [T] Features with uncertain identification (within brackets) 
have not been considered in the statistics discussed in this work. 
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Figure 5. Corrected tidal parameter values from lTal et alj l|2009l ') 
for the OBEY survey versus B-band absolute magnitudes. The 
dotted horizontal line at Tc=0.07 is the bounda ry between galax - 
ies with and without signs of disturbance from lTal et"al] | |2009|) . 
Filled circles correspond to the galaxies visually classified as dis- 
turbed in this work, whereas open circles indicate abcense of mor- 
phological features. 



band absolute magnitudes (see also Table [!}. First, we note 
that there is no clear correlation between the luminosities 
of the galaxies and the level of disturbance of their hosts. 
Second, we have identified with filled circles the galaxies in 
the OBEY survey for which we have found signs of inter- 
action based on our visual classification. From Figure [5] it 
is clear that quantitative and visual classifications do not 
agree completely. There is complete agreement only for the 
nine galaxies w ith Tc > 0.13. In fact, for five galaxies that 
iTal et al.|[2009l classified as clearly disturbed (T^ > 0.09) we 
do not find any sign of a past interaction. After inspecting 
the images of these five galaxies we conclude that it is likely 
that the high value of Tc is due to residuals from the mask- 
ing of the foreground stars and background galaxies and/or 
from isophotal twisting. The opposite is also true: we find 
disturbed morphologies in 7 galaxies with Tc < 0.07, which 
are either faint relative to their host galaxies or diffuse fea- 
tures that the automatic method misses. Overall, however, 
the total percentages of disturbance agree well between the 
automatic (73%) and the visual classification (67%). This 
vindicates the use of visual rather than quantitative detec- 
tion of disturbed morphologies in this paper. 



3.1.3 Classification 

Considering the morphological features detected in the 
OBEY and EGS galaxies (only those with secure identifi- 
cations in Tables [1] and [2]) , the sample can be divided into 
the following five groups: 

(1) Galaxy pair or group tn tidal interaction. Galaxy pairs 
showing bridges, or co-aligned distorted structures. 

(2) Galaxies showing tidal features. Galaxies showing 
shells, fans, tails, amorphous haloes, and irregular features. 

(3) Multiple nuclei. Galaxies with a companion lying in- 
side a 10 kp c radius, according t o the theoretical definitio n 
employed bv lHoessell (|l980l ) and lSmith fc HeckmanI (| 19891 ). 



(4) Dust features. Galaxies presenting dust features as the 
only sign of disturbance. 

(5) Isolated galaxies with no sign of interaction. Objects 
in which we cannot confidently identify morphological pecu- 
liarities. 

Note that these categories are not exclusive because 
some galaxies show more than one of the morphological fea- 
tures described above (see Table [T]). Initially we considered 
objects in groups 1, 2, 3, and 4 as showing disturbed mor- 
phologies consistent with them having been involved in a 
galaxy interaction/merger, whilst galaxies classified in the 
fifth group were classi fied as undisturbed. Based on this 
classification, inl lRAllI we found that 85% of the PRG sam- 
ple are very likely interacting objects or the result of a past 
merger event. However, dust features by themselves may not 
necessarily be a sign of galaxy interactions. Note that, while 
small-scale dust is ofte n taken as an observational s ignature 
for recent mergers (e.g.,|van Dokkum fc Franxlll995h . it may 
also be a ssociated with cooling flows in central c l uster galax- 
ies (e . g.. [Fabian et al. l ll994l : iHanscn ct al]|l995l : lEdge et al.1 
Il999l . l20ld r If we do not consider dust as a sign of mor- 
phological disturbance related to mergers and interactions, 
then the percentage of PRGs in the 2Jy sample presenting 
evidence for interactions is 78%. In Table[3]we show the per- 
centages of interacting galaxies (those classified in groups 1, 
2, or 3) for i) the PRGs sample at z < 0.2 and the OBEY 
survey, and ii) the PRGs sample at 0.2 ^ z < 0.7 and the 
EGS sample. 

Thus, if we only consider the galaxies classified in 
groups 1, 2, and 3, we find that 62% of the PRGs at 2 < 0.2 
show signs of interactions. However, it is worth considering 
the percentage of disturbance after excluding the WLRGs 
(shown between parentheses in Table[3]). As explained in the 
Introduction, it has been proposed that WLRGs are pow- 
ered by hot gas accretion from their X-ray coronae, rather 
than by the c lassical AGN cold gas accretion (see also Sec- 
tion 5.2.2. inl lRAllh . Thus, if we consider SLRGs only, the 
percentage of PRGs showing signs of interactions increases 
to 93%, which is higher than the 67% that we measure for 
the elliptical galaxies in the OBEY survey. On the other 
hand, 95% of the PRGs at 0.2 ^ z < 0.7 (either including or 
excluding the only WLRG in this redshift range) show signs 
of interaction, compared with 55% in the EGS sample (57% 
if we consider only ellipticals and not the possible disks; col- 
umn 7 in Table [2]). Thus, there appears to be more evidence 
for galaxy interactions in the PRG sample than in the con- 
trol samples at all redshifts, although the relatively small 
size of the PRG sample means that the difference is only 
significant at the ~2cr level (for the comparison between the 
0.2 ^ z < 0.7 PRG and EGS samples). However, it is nec- 
essary to consider the surface brightnesses of the features in 
order to make a proper comparison with the control sample 
morphologies, since we know that, for example, the OBEY 
images reach much lower effective surface brightnesses than 
our GMOS-S images of the PRGs. This comparison provides 
firmer evidence for differences between the PRG and quies- 
cent elliptical galaxy samples and it is discussed in Section 
[3X11 

In terms of the merger scenario, we appear to be ob- 
serving some of the galaxies in the PRG and the two control 
samples before the final coalescence of the nuclei of the in- 
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teracting system. The galaxies classified in groups 1 {galaxy 
pair or group in tidal interaction) and 3 {multiple nuclei) 
would correspond to systems observed before the coalescence 
of the merging nuclei, whereas those in group 2 {galaxies pre- 
senting any sign of disturbance) would correspond to more 
evolved systems (coalescence or post-coalescence). The per- 
centage of galaxies in the PRG, OBEY, and EGS samples 
belonging to each of these groups is shown in Table [S] 

Inl lRAnl we showed that, if PRGs are triggered as a 
consequence of an interaction between galaxies, it is pos- 
sible for this to happen any stage of the interaction (be- 
fore, during, or after t he two galaxy nuclei coalesce; see also 
iTadhunter et al.ll201ll on basis of young stellar population 
properties). In fact, we found that more than one-third of 
the PRGs in the full 2Jy sample are observed in a pre- 
coalescence phase (galaxies classified in either group 1 or 
3). Interestingly, for both the low and intermediate redshift 
sub-samples, we find that the proportion of PRGs that are in 
the pre-coalescence phase is a factor 2-3 higher than that of 
the quiescent elliptical galaxies in a similar phase (see Table 
[3|. There is also evidence for an increase in the proportion 
of pre-coalescence systems with redshift for both the PRG 
and quiescent samples (see Table However, observations 
of larger samples will be required to put those trends on a 
more solid statistical footing. 

The lack of dust features in the control sample as com- 
pared to the PRG sample is also interesting. For the OBEY 
survey we find that only 7% of the elliptical galaxies show 
dust, whereas for the PRGs at z < 0.2 the percentage 
increases to 25% (21% for the SLRGs). This agrees with 
the ~30% of dust features foun d from optical HST image s 
of radio galaxies at z < 0.5 (|de Koff et al.l 1 19961 . |2000| ). 
Dust can either be produced by mass loss from evol ving 
red giant stars fKna pp et al.l 1 19891 : [Athev et al. 2002), or 
accreted du ring galaxy inte ractions ([Goudfrooii ct al. 1994; 
Ivan Dokkum fc Franxl ll995'). If the dust is accreted in merg- 
ers/interactions, then we expect to find a higher incidence of 
dust features in the PRGs than in the quiescent ellipticals, 
mirroring the difference found for signs of disturbance in 
general between the two populations (see Table [7|. On the 
other hand, at higher redshifts neither the galaxies in the 
EGS nor in the SLRG sample at 0.2 ^ z < 0.7 show dust 
features. This apparent lack of dust at higher redshifts in 
both the radio and the quiescent galaxies is likely to be due 
to a resolution effect, since dust lanes, with typical scales of 
~l-5 kpc, will be poo rly reso lved in the ground-based data 
employed here and in l lRAllI for galaxies at such redshifts. 

We have classified the galaxies in the OBEY and EGS 
samples in the same manner as the PRGs and compared 
them. However, as we mentioned in Section 12.11 from the 
comparison between the Ms histograms of the PRGs at 
z < 0.2 and the OBEY sample shown in Figure [Jl there 
is only a 4% chance that the two distributions are drawn 
from the same parent population according to the KS test. 
In order to confirm that this difference does not produce any 
bias in the statistics of morphologically disturbed systems, 
we have split the OBEY sample into two absolute magni- 
tude bins using the median value of Ms — —20.98 mag. We 
find 59% of disturbance (filled circles in Figure [5| in the sub- 
sample with Ms < —20.98 mag (27 galaxies) and 75% if we 
consider Mb ^ —20.98 mag (28 galaxies). Thus, we find a 
slightly larger percentage of disturbed morphologies for the 



lower luminosity ellipticals. The galaxies in the OBEY sur- 
vey are less luminous than the PRGs on average (see Figure 
[U, and thus, any bias caused by this effect would result in 
an enhancement of the number of disturbed morphologies in 
the OBEY sample relative to the PRGs at z < 0.2. However, 
by looking at Figure [S] is clear that there is no correlation 
between Ms and the level of disturbance of the galaxies in 
the OBEY sample. Although for the galaxies in the EGS 
sample the Ms distribution is more similar to that of the 
PRGs at 0.2 ^ 2: < 0.7 (0.18 of significance according to the 
KS test; see Section [2^ . we have performed the same test as 
for the ellipticals in the OBEY survey. By splitting the EGS 
sample into galaxies brighter and fainter than Ms = —21.25 
mag (i.e. the median value), we find 60% and 50% of dis- 
turbance respectively (53 and 54 galaxies included in each 
bin respectively). Thus, we do not find any significant corre- 
lation between the levels of morphological disturbance and 
the luminosity of the elliptical galaxies in either the EGS or 
OBEY samples. 

3.1.4 Surface brightnesses 

The main result of llRAllI is that 85% (78% if we do not con- 
sider galaxies with dust features only) of the 2Jy sample of 
PRGs show peculiar optical morphologies at relatively high 
levels of surface brightness: 1) fly = 24.0 mag arcsec~^ and 
A^y = [22.1, 26.2] mag arcsec~ at z < 0.2; and 2) fly = 
23.5 mag arcsec~^ and Afiy = [21.3, 25.1] mag arcsec~'^ 
at 0.2 < z < 0.7. 

In Tables |4] and [5] we report apparent surface bright- 
nesses {fj,v in the case of the OBEY survey and /i_r^ for 
the EGS sample) for all the secure detections of tails, fans, 
shells, bridges, amorphous haloes and irregular features 
detected in the control sample images. These surface bright- 
nesses have been obtaine d exactly in the same manner as 
those reported in l lRAlll . We first calculated the averaged 
number of counts of each feature using small apertures, and 
then repeated the process, using the same aperture, in sev- 
eral regions of the galaxy on either side of the feature to 
subtract the sky and the diffuse host galaxy background. 
In order to test the robustness of this technique, CRA and 
PB measured the surface brightnesses of the same features 
for some of the galaxies independently, obtaining differences 
below 0.1 mag. 

For the OBEY survey, in Table H we report the p^"'''' 
values, obtained after correcting from Galactic extinction 
ISchlegel et al.l (J 1998). For the galaxies in the EGS sample, 
which are at redshifts 0.2 ^ z < 0.7, the surfac e brightnesses 
were K-cor rected, using the value s reported in lFrei fc GunnI 
(1994) and iFukugita et all l|l995h for elliptical galaxies, in 
addition to the (1-l-z)* cosmological dimming and extinction 
correction^ The final /x^J"" values for the EGS sample are 
shown in Table [5] We finally transform the ^J.'^^^ values into 
V-band measurements to compare with the OBEY sample 
and the PRG s by assuming colours of elliptical galaxies from 
iFrei fc Guniil l|T994i) and .Fukugita et al., (,1995, ). 

Values of E(B-V) from lSchleeel et al.l l ll998D were used for each 
of the four Suprime- Cam images in the EGS, together with the 
I Cardelli et al.l lll989h extinction law to derive the corresponding 
Aii„ values. 
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Morphology 


Group 


PRG Sample z < 0.2 


OBEY survey 


PRG Sample 0.2 ^ ^ < 0.7 


EGS sample 


Signs of interaction 


1,2,3 


62% (93%) 


67% 


95% (95%) 


55% (57%) 


Pre-coalescence 


1,3 


21% (21%) 


7% 


50% (50%) 


20% (24%) 


Coalescence or post-coalescence 


2* 


42% (72%) 


60% 


45% (45%) 


35% (33%) 


No signs of interaction 


4,5 


37% (7%) 


33% 


5% (5%) 


45% (43%) 



Table 3. Classification of all the galaxies in the PRG, OBEY and EGS samples. Sources belonging to groups 1 and 3 are considered as 
pre-coalescence systems, those in group 2 are likely coalescence or post-coalescence scenarios, and finally, galaxies classifi ed in groups 4 
and 5 do not show signs of interaction. * Those galaxies classified as (2,3) or (1,2) in Tables [l] [2] and Table 1 inl lRAlU are considered 
as pre-coalescence systems here, although they belong to group 2 as well. Percentages between parentheses correspond to SLRGs in the 
PRG sample (columns 3 and 5) and to elliptical galaxies only in the EGS sample (column 6). 



We have chosen K-corrections and colour transforma- 
tions for elliptical galaxies, but some of the features may 
be produced in mergers involving small disk galaxies and/or 
there can be local star formation taking place in tidal fea- 
tures associated with the interaction. In such cases the 
galaxy colours would be more similar to those of spiral 
gal axies. In order to assess the importance of this effect, 
m \ \\\.\\\\ we re-calculated the ^y^'^ values of the features 
by using K-corrections and colours of Sbc-type spiral galax- 
ies and confirmed that they did not change significantly 
(~ 0.1 mag arcsec~^) . 

The comparison between fiy'^^ values measured for the 
features detected in our PRGs and those for the OBEY sur- 
vey is shown in Figure 6(a) and Table [B] In Figure 6(b) we 



show the same comparison, but considering only the bright- 
est disturbed feature of each galaxy. According to the KS 
test, the PRG and OBEY distributions shown in Figures 
[6(1)] and [6(b)] are different at the 99.9% significance level 
(> 3a). 

The median depth and range of the detected features 
in the OBEY galaxies are /i^'"'" = 25.8 mag arcsec~^ and 
A.fj,v = [23.4, 28.2] mag arcsec~^, respectively. Thus, the 
features detected in PRGs at z < 0.2 are mag brighter 
than in their quiescent counterparts. In fact, if we only con- 
sider the features in the OBEY survey which have surface 
brightnesses within the range of the PRGs a.t z < 0.2 (i.e. 
^corr ^26.2 mag arcsec~^, which is exactly the same if we 
consider SLRGs only; see Table[6]), the percentage of objects 
with morphological disturbance goes down to 53%. Thus, 
when the same range of surface brightness is considered, the 
proportion of interacting systems found in the PRG sample 
is considerably larger (93% if we consider SLRGs only) than 
that found for quiescent ellipticals. 

In Figure [7| and Table [B] we show the same compar- 
isons, but this time for the galaxies in the EGS sample and 
the 0.2 !^ 2: < 0.7 PRGs. Note that for the galaxies with 
"multiple nuclei" as the only detected feature there are no 
measurements of surface brightnesses and thus, they are not 
included in Figures [6] and [T] However, those galaxies have 
been considered in the statistics presented in Table [T] The 
differences between the two distributions in Figure [7(a) [ are 
significant at the 2a level: 98% significance according to the 
KS test and 95% if we consider the brightest features only 
(Figure [7(b) [ ). We measured fly^'' — 24.2 mag arcsec~^ and 
A/iy = [22.3, 26.3] mag arcsec~^ for the EGS sample. We 
emphasise that the results obtained by including or exclud- 
ing objects with possible disk components (PD) are exactly 
the same. Thus, for the sake of simplicity, in the following 



we will consider the whole sample of 107 galaxies (including 
ellipticals and possible disks; see Table [!}. 

The surface brightnesses measured for the features of 
the PRGs at 0.2 ^ z < 0.7 are ~i mag brighter than those 
of quiescent red galaxies of similar masses and redshifts. 
If we only consider the galaxies in the EGS with features 
within the same jj,^^^ range as the PRGs at 0.2 ^ z < 0.7 
j-^corr ^ 25 1 mag arcsec~^), the percentage of objects 
with disturbed morphologies is 48%. Again, this percentage 
is considerably lower than the number of interacting systems 
found for the PRG sample at 0.2 sC z < 0.7 (95%; see Table 
[T]). In these statistics we have included the systems classified 
as "multiple nuclei" , even if it is not possible to calculate a 
value of /i^*^' for this type of morphology. 



4 DISCUSSION 

4.1 Comparison between active and quiescent 
elliptical galaxies 

As explained in Section[T] if galaxy interactions are the main 
triggering mechanism for radio-loud AGN activity, then we 
expect to find stronger and more common signs of morpho- 
logical disturbance in the radio source host galaxies than in 
the general population of quiescent elliptical galaxies. The 
majority of quiescent luminous ellipticals were like ly assem- 
bled through gas-poor mergers (jvan Dokkuml200"5l ). whereas 
to trigger and feed a powerful radio source it is likely to re- 
quire a larger gas supply. According to simulations, the mor- 
phological signatures of gas-rich interactions (such as tidal 
tails, shells, bridges, etc. ) are brighter than those produced 
in gas-poor interactio ns (jNaab et al.ll200^ : iBell et al. I I2OO6I : 
iMcIntosh et al.ll2008h . 

We have compared the morphologies of the 2Jy sample 
of radio galaxies with first, a sample of ellipticals at redshift 
z < 0.2, and second, with a sample of early-type galaxies 
at 0.2 ^ z < 0.7. We find that a significant fraction of qui- 
escent elliptical galaxies in the two control samples show 
evidence for disturbed morphologies at relatively high lev- 
els of surface brightness, which are likely the result of past 
or on-going galaxy interactions. However, the morphological 
features detected in the galaxy hosts of the PRGs (e.g. tidal 
tails, shells, bridges, etc.) are up to 2 magnitudes brighter 
than those present in their quiescent counterparts. 

In fact, when we consider the same surface brightness 
limits for the features in the quiescent galaxies and in the 
PRGs (note that these limits are different in each redshift 
bin; see Table [7|, we find that the proportion of disturbed 
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ID Morphology ny (mag circsec ^) fi^''^ (mag arcsec ^) 



NGC 0584 


2S,B 


25.6, 


26.9, 25.9 


25.5, 


26.8, 


25.8 






NGC 0596 


S,F 


25.7, 


26.1 


25.6, 


26.0 








NGC 0720 


2F 


26.0, 


26.0 


25.9, 


25.9 








NGC 1199 


















NGC 1209 


T,3F,[D] 


27.7, 


25.5, 25.2, 


25.8 27.6, 


25.4, 


25.1, 


25.7 




NGC 1399 


















NGC 1395 


3S 


25.9, 


26.4, 26.1 


25.8, 


26.3, 


26.0 






NGC 1407 


















NGC 2865 


3S,2T,[D1 


24.6, 


23.7, 24.7, 25.8, 26.0 24.3, 


23.4, 


24.4, 


25.5, 


25.7 


NGC 2974 


S,[D] 


23.9 




23.7 










NGC 2986 


[B] 
















NGC 3078 


















NGC 3258 


[2N] 
















NGC 3268 


S 


25.5 




25.2 










NGC 3557B 


21 


25.1, 


25.0 


24.8, 


24.7 








NGC 3557 


FJSl 


25.5 




zo.z 










NGC 3585 


2S 


26.0, 


25.4 


25.8, 


25.2 








NGC 3640 


S,4F 


26.5, 


26.1, 25.5, 


24.9, 23.9 2d. 4, 


26.0, 


25.4, 


24.8, 


23.8 


NGC 3706 


2S 


23.9, 


25.3 


23.6, 


25.0 








NGC 3904 


S 


25.2 




25.0 










NGC 3923 


4S 


25.8, 


25.3, 24.8, 


24.4 25.0, 


25.1, 


24.6, 


24.2 




NGC 3962 


S 


25.7 




25.6 










NGC 4105 


2F,T 


26.1, 


O C 'V OCT Q 

25.7, 25.3 


25.9, 


25.5, 25.1 






NGC 4261 


T,F 


26.8, 


26.7 


26.7, 


26.6 








NGC 4365 


F 


25.9 




25.8 










IC 3370 


F,S,D 


25.3, 


25.3 


25.0, 


25.0 








NGC 4472 


















NGC 4636 


F 


26.9 




26.8 










NGC 4645 


















NGC 4697 


















NGC 4696 


S,D 


26.3 




2d.U 










NGC 4767 


2S,[D] 


23.7, 


26.0 


23.4, 


25.7 








NGC 5011 


















NGC 5018 


3T,3SJD1 


25.1, 


25.7, 27.1, 


24.7, 26.1, 24.5 24.8, 


25.4, 


26.8, 


24.4, 


25.8, 24.2 


NGC 5044 


















NGC 5061 


T,S 


26.0, 


25.0 


25.8, 


24.8 








NGC 5077 


L J'L J 
















NGC 5576 


3T,S 


26.7, 


25.3, 25.8, 


25.9 26.6, 


25.2, 


25.7, 25.8 




NGC 5638 


T,S 


28.1, 


28.3 


28.0, 


28.2 








NGC 5812 


T 


27.8 




27.5 










NGC 5813 


















NGC 5846 


3S,2N 


26.7, 


26.6, 27.0 


26.5, 


26.4, 


26.8 






NGC 5898 


3T,D,2N 


27.3, 


26.5, 27.6 


26.9, 


26.1, 27.2 






NGC 5903 


















IC 4797 


T,I,[D] 


26.4, 


25.8 


26.2, 


25.6 








IC 4889 


F 


26.4 




26.2 










NGC 6861 


D 
















NGC 6868 


















NGC 6958 


3S,[D] 


26.2, 


26.6, 28.1 


26.1, 


26.5, 28.0 






NGC 7029 


















NGC 7144 


















NGC 7196 


S,iD] 


27.1 




27.0 










NGC 7192 


S 


27.5 




27.4 










IC 1459 


4S 


26.8, 


26.6, 26.1, 


26.5 26.7, 


26.5, 


26.0, 


26.4 




NGC 7507 


S 


28.1 




28.0 











Table 4. Surface brightness measurements of the detected features in the V-band (Vega system). Column 2 lists our morphological 
classification (same as in Table 1). Apparent surface brightnesses and those corrected of galactic extinction (Ay) for secure identifications 
of T, F, S, B, A and I are given in Columns 3 and 4, respectively. Bra<;kets in Column 2 indicate uncertain identification. 
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IRAC ID 


Dimming 
(mag arcsec"^) 


Type 


Morphology 


(mag arcsec"'^) 


t^Rc 

(mag arcsec ^) 


004162 


1.7 


E 








006612 


1.2 


E 


B F IT)] \T] 


23.5, 24.2 


21.9. 22.6 


UUUU -LO 


1.1 


E 




24.7 


23.1 




1.8 


E 


FAl fRl 






Ofifll Q1 
uuu J. y J- 


2.0 


E 


p 


25.1 


22.1 




1.5 


PD 




26.2 


24.2 


Ofil 24Q 


2.2 


PD 








0661 0'l 


1.8 


E 








067417 


1.4 


E 










1.2 


E 


g 


25.2 


23.5 


07351 Q 


1.7 


E 


[Al 






074777 


1.5 


E 


fSl 
PI 






074924 


1.5 


E 








0776Q5 


1.3 


PD 


T 


26.2 


24.5 


u 1 yyuo 


2.0 


E 


p 


26.7 


23.5 




1.9 


E 








083714 


1.8 


E 


p 


25.8 


23.2 


L/OOUO J- 


1.8 


E 


p 


26.8 


24.3 


0Q0430 


1.4 


E 


A F [Rl 


25 1 26 2 


23 1 24 3 


(102065 


1.9 




B 


25.3 


22.4 


uyzr ( uo 


1.3 


PD 


fAl [Tl 
l^[ > 1 J 








1.4 


E 


[SI 








1.5 


E 


2F [Tl 


25 25 2 


22 Q 23 1 


0Q4Q66 


1.6 


E 


2T 


26 26 4 


23.7 24.1 


HQ ^797 


1.4 


E 


F S 


97 9 9^^ 7 


9^ 9"^ 7 




1.0 


E 


[Tl 






102757 


0.9 


E 


2S 


26 1 26 2 


2^ n 2^ 


102982 


2.0 


E 


p 


25.0 


21.8 


103198 


1.4 


E 


2N,F,S 




9zL 9"^ 


1 04038 


1.6 


E 


B 


24.4 


22.0 


104729 


2.1 


PD 


A 


25.5 


22.1 


105193 


0.9 


E 


[SI 






1 06324 


1.0 


E 


[Tl 
[-■-J 






1 06984 


1.6 


PD 


A [Tl 


26.2 


23.9 


111427 


1.2 


E 


2N,T,2I 


24 5 26 4 25 7 


22 Q 24 8 24 1 

^^■£7^ ^^.O^ ^^.X 


112580 


1.8 


E 


[Bl 






1 1 3088 


1.7 


E 


[Bl 






113577 


2.2 


PD 


[Al 






114966 


2.1 


PD 


2T,S 


25 2 25 3 26 2 


21 9 22 1 22 9 

^-L.C/h ^ji^tkj 


115327 


1.3 


E 


2F [Tl 


27 3 27 6 


25 6 25 8 


115594 


1.2 


E 


2N,T 


26.5 


24.9 


118942 


1.4 


E 








119696 


1.8 


E 


B,F 


24.9, 26.2 


22.3, 23.6 


122098 


0.9 


PD 








124509 


1.3 


PD 


B,2T,F 


24.3, 24.1, 27.3, 27.0 


22.6, 22.4, 25.6, 25.3 


125663 


1.8 


E 


[F] 






126918 


1.7 


E 


F,[B] 


25.8 


23.2 


127241 


2.0 


PD 








127457 


1.7 


E 


2N,A 


24.8 


22.2 


128074 


1.3 


E 


B,[F] 


26.9 


25.2 


128416 


2.0 


PD 








132682 


1.2 


E 








135859 


1.4 


E 


[I] 







morphologies in the quiescent population is considerably 
smaller (53% at « < 0.2 and 48% at 0.2 < 0.7) than for 
the PRGs (93% at a < 0.2 and 95% at 0.2 ^ « < 0.7, consid- 
ering SLRGs only). This indicates that galaxy interactions 
are likely to play a role in the triggering of PRG activity. 

However, it is important to recognise that a proportion 
of the quiescent elliptical galaxy population do show dis- 
turbed features at a similar level of surface brightness to the 



PRGs. Moreover, even if the proportion of such objects is 
relatively small, their volume density could be considerably 
larger than that of the (rare) PRGs. This raises the question 
of how the populations of disturbed elliptical galaxies and 
PRGs arc related. The simplest assumption we can make 
is that all morphologically disturbed elUiptical galaxies go 
through a radio-loud AGN phase at some stage in the galaxy 
interaction that causes the disturbed features. In this case. 
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IRAC ID 


Dimming 


Type 


Morphology 




. , corr 




(mag arcscc^^) 






(mag arcsec"^) 


(mag arcsec"-^) 


138794 


1.8 


E 








139190 


1.6 


E 








140456 


1.1 


PD 


2T 


24 5 25 3 


23 23 8 


140758 


1.6 




g 


26.0 


23.8 


141714 


1.6 


PD 


[Ri rsi 






143149 


1.4 


E 


T 


25.8 


23.9 


14353fi 


1.8 


PD 










1.2 


E 


A T 


9^ 7 27 2 


2zL D 9^ f\ 


145434 


1.7 


PD 


4T 


24.6 25.7 25.1 25.7 


22.2, 23.2, 22.6, 23.2 


146298 


2.0 


E 








1 '^2722 

-L ^ 1 ^ ^ 


1.7 


PD 


1 






156161 


1.1 


E 


T 


24.5 


23.0 


157751 


1.7 


E 








157878 


1.6 


E 


F 


26.3 


24.0 


159123 


1.9 


PD 


T 


25.7 


22.8 


1 59936 


1.5 


E 


2N 






160442 


1.7 


E 


B,A 


26 5 25 6 


24.1 23.2 


1 60500 


1.3 


PD 


B 2T 


26 7 26 25 4 


24 9 24 3 23 7 


161724 


1.3 


PD 


fFl 
FJ 






1 65265 


2.2 


E 


R T 


25 7 26 2 


22 22 4 


1 66730 


1.3 


E 


R T 


25 S 27 


23 9 25 1 


169386 


1.7 


PD 








172474 


1.8 


E 


T,B,F 


26 3 27 9 26 6 

ijU.tJi ^I.C7^ iiU.U 


23 7 25 3 23 9 


173901 


1.2 


E 








175347 


2.0 


E 


S [Rl 


26.4 


23.2 


1 75590 


1.9 


E 








177990 


1.0 


PD 


F f2Nl 


26.1 


24.8 


178118 


1.6 


E 








178724 


1.8 


E 


A 


26.6 


23.9 


± 1 oouo 


1.4 


PD 


F 


26.1 


24.2 


180420 


1.9 


E 


2N,2T,[B] 


25.8 26.2 


22.9 23.4 


181402 


1.4 


E 


fll fAl 






181444 


1.2 


E 


2S fll 


25 5 24 8 


23 9 23 3 


181736 


1.7 


PD 








181914 


1.3 


PD 










1.5 


PD 


fFl 






1 83081 


1.3 


E 


F fTl 


26.8 


24.9 


183836 


1.6 


E 


fSl 






184041 


1.8 


E 


F S 


25 4 26 5 


22 6 23 7 


184315 


1.8 


PD 


2N 






1 86058 


1.9 


PD 


fAl 






189727 


2.1 


PD 








1 90795 


1.8 


PD 


T,S 


25.2 26.1 


22.6 23.4 


193464 


1.5 


E 


2N,F 


25.5 


23.4 


193507 


1.7 


E 


2N,[B] 






193737 


1.7 


E 








193974 


1.5 


E 


[S] 






194092 


1.8 


E 


[T] 






196827 


1.4 


E 


T 


26.6 


24.7 


198295 


1.9 


E 


[S] 






199503 


1.7 


PD 


T 


26.8 


24.3 


202111 


1.0 


E 


[S] 






204161 


2.1 


E 


A,[B] 


26.0 


22.6 


204944 


1.1 


PD 


T,S 


26.3 


24.9 



Table 5. Surface brightness measurements of the detected features in the R^-band (AB system). Column 2 corresponds to the surface 
brightness dimming from NED, column 3 indicates whether a galaxy has been visually classified as an elliptical (E) or as a possible disk 
(PD), and column 4 lists our morphological classification as in Table [T] Apparent and corrected (including galactic extinction, dimming, 
and k-corrections) surface brightness for secure identifications of T, F, S, B, A and I are given in Columns 5 and 6, respectively. Brackets 
in column 4 indicate uncertain identification. 
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the total volume density of PRGs (ppRc) is related to the 
total volume density of disturbed elliptical galaxies (pde) 
by the following equation: 



PPRG 

Pde 



= 0.01 



_tpRG_\ 

10 Myr J 



1 Gyr 



(1) 



where tpRc is the duty cycle of the powerful radio- 
loud AGN activity and tr the timescale over which the 
tidal features associated with a particular galaxy interac- 
tion remain visible above the surface brightness limit of the 
observations. Typically, PRGs are expected t o remain ac- 
tive o ver a period of tpRG ---^ 10 — 100 Myr ( Leahy et al.l 



1 19891 : iBlundell et al] Il999l : IShabala et al] |2008| ), while the 
tidal features w i ll remain visible on a tim e scale of ~1 Gyr 
dLe Fevre et al.l l2000l: IPatton et all |2002| : IConselice etal] 
I2OO3I : iKawata et aLlbOim " Therefore we should expect the 
PRG to make up a fraction Pprg / Pde ~ 0.01 - 0.1 of the 
full population of disturbed elliptical galaxies assuming that 
all such galaxies go through a radio-loud phase. 



A direct estimate of the volume density of PRGs can 
be obtain ed by integrating the radio luminosity function of 
IWillott et al. I (|200ll ) above the lower radio power limit of 
the 0.05 < z < 0.7 2Jy sample {PHT mh. ~ 1-3 x 10^^ W 
Hz"^ sr"^). We find pprg = 2 x lO"'' Mpc"^ for z=0 and 
Pprg = Ix 10~^ Mpc"'' for z=0.5 (corrected to our assumed 
cosmology). Similarly, an estimate of the volume density of 
disturbed elliptical galaxies can be made by integrating the 
optical luminosity function for red sequence galaxies above 
the lower B-band luminosity limit of the PRG and con- 
trol samples {Mb~-20.3 mag), then multiplying by the frac- 
tion of ellipticals with disturbed features of similar surface 
brightness to the PRG {fo ~ 0.5). For low redshifts we inte- 
grate the luminosit y function for red sequence galaxies from 
iBaldrv et al] (|2004l ). obtaining poE = 2x 10""* Mpc"^, while 
for higher redshifts wc integrate the z — 0.5 luminosity func- 
tion of Faber et al.. (.2007 ), obtaining poE = 4x lO""* Mpc"^. 
By comparing the volume densities of PRGs and disturbed 
ellipticals estimated in this way we find: pppo / Pde ~ 10~^ 
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Morphology 


PRG Sample z < 0.2 


OBEY survey 


PRG Sample 0.2 ^ ^ < 0.7 


EOS sample 




r.corr 




r.corr 




rcorr 




rcorr 




All features 


24.1 


22.1 - 26.2 


25.8 


23.4 - 28.2 


23.5 


21.3 - 25.1 


24.2 


22.3 - 26.3 




(24.3) 


(22.6 - 26.2) 






(23.5) 


(21.3 - 25.1) 






Brightest features 


23.8 


22.1 - 26.2 


25.5 


23.4 - 28.0 


23.3 


21.3 - 24.9 


23.9 


22.3 - 26.1 




(24.1) 


(22.6 - 26.2) 






(23.3) 


(21.3 - 24.9) 







Table 6. Median values and ranges of the surface brightness measurements of the PRG, OBEY, and EGS samples. Values considering 
all the features detected (two top rows) and the brightest feature of each galaxy (bottom rows) are listed. Surface brightnesses between 
parentheses correspond to SLRGs in the PRG sample. 



Morphology 


Group 


PRGs 2 < 0.2 


OBEY 


PRGs 0.2 z < 0.7 


EGS 


Signs of interaction 


1,2,3 


62% (93%) 


53% 


95% (95%) 


48% (52%) 



Table 7. Percentages of disturbance found for the PRGs at z < 0.2 and the OBEY survey at the same level surface brightness level 
{fiy^'~ ^ 26.2 mag arcsec~^) and the same for the PRGs at 0.2 ^ z < 0.7 and the EGS survey (/iy"^"" ^ 25.1 mag arcsec~^). In these 
numbers we include galaxies classified as multiple nuclei systems (group 3). Percentages between parentheses correspond to SLRGs in 
the PRG sample (columns 3 and 5) and to elliptical galaxies only in the EGS sample (column 6). 



for z < 0.2 and pprg/pde ~ 2 x 10"^ for z = 0.5. These 
proportions are considerably lower - by a factor of five or 
more - than those obtained above, based on the PRG duty 
cycle and the assumption that all disturbed elliptical galax- 
ies go through a radio-loud phase [ppRo / Pde ~ 0.01 - 0.1). 
We conclude that only a small proportion (<20%) of in- 
teracting giant elliptical galaxies with absolute magnitudes 
Mb < —20.3 mag are capable of hosting powerful radio 
sources with radio powers i^x5^ mhz 

> 1.3 X 10^^ W Hz-^ 

sr~^ for the requisite timescales. 

Clearly, while undergoing a galaxy interaction of some 
type may be necessary to trigger powerful radio jets in a 
giant elliptical galaxy, it is not by itself sufficient. Other po- 
tentially important factors include: the degree of gas richness 
of the interacting galaxies, their mass ratio, the orbital pa- 
rameters of the interaction, the masses of the galaxy bulges 
and associated supermassive BIfs, and the BIfs spin. For ex- 
ample, our classification of morphological disturbance in el- 
liptical galaxies is relatively crude and does not precisely dis- 
tinguish the type of galaxy interaction (e.g. whether "wet" 
or "dry", minor or major). Therefore it is possible that only 
a minority of the disturbed elliptical galaxies in our control 
samples are undergoing the precise type of interaction that 
leads to the triggering of powerful radio-loud AGN activity. 

Finally, we note that there is an important caveat to 
bear in mind when making the comparison between the PRG 
and control samples. We have matched the comparison sam- 
ples in galaxy luminosity, redshift, and depth of observations 
(see Section [3. 1.41 on the latter), but we have not considered 
the environments of the galaxies. The environment may af- 
fect the comparison in two ways. First, if a specific type 
of galaxy interaction is required to trigger a PRG (e.g. a 
major, gas-rich merger), then that type of interaction may 
be favoured by a particular environm ent (e.g. group rather 
than cluster; see lHopkins et al]|2008bl ). Second, the tidal ef- 
fects associated with high density environments can rapidly 
disrupt the morpholo gical structures (e.g. shells or ripples; 
iMalin fc Carteill 19831) that we use to c lassif y the galaxies in 
our sa mples. Indeed. pTal et al.l l|2009l ) and iMalin fc Cartel! 
j 19831 ) explored the relationship between galaxy morphology 



and environment in their samples of nearby elliptical galax- 
ies and found that the ellipticals in clusters generally appear 
less disturbed than those in group and field environments. 

Despite the lack of quantification of the galaxy environ- 
ments in this paper, previous studies of radio galaxies in the 
local Universe have shown that, while FRI sources (generally 
WLRGs) favour clusters, FRII galax;ies (generally SLRGs) 
are found in a wide range of environ ments, ranging from 
field/group to moderately rich clusters ("Prcstage fc Peacockl 
ll9_88; ,Smith_&J3eckman 1990; Zirbcl 1997), although there 
is some evidence that the envi ronments of FRII objects be- 
come richer with redshift (e.g. lHill fc Lillvlll99ll ). As noted 
in Section [2. II the low redshift OBEY control sample covers 
a mix of environments that is similar to that of the FRIIs 
in the local Universe, but less rich on average than that of 
local FRI galaxies. However, our conclusions based on the 
comparison with the control samples would only likely be 
affected by environmental issues if the control samples were 
more biased towards rich environments than our PRG sam- 
ple. At present we have no evidence that this is the case, but 
the whole issue of matching control sample environments 
and the dependence of the degree of morphological distur- 
bance on environment clearly warrants further investigation. 



4.2 Evolution of elliptical galaxies from z^O.T 

By comparing the galaxies in the OBEY and EGS samples, 
we can study how the morphologies of elliptical galaxies 
evolve from redshift z=0.7 and compare with the predic- 
tions of galaxy evolution models. Elliptical galaxies are key 
to investigate the history of galaxy mass assembly, since 
they dominate the high-end of the local luminosity func- 
tion. While many studies support a scenario in which old 
(1-4 Gyr) and massive (M, > lO^^M^:^) elliptical s passively 
evolve from redshift z~l (e.g. iBundv et al.ll200^ and refer- 
ences therein), others argue for a major role of dry- mergers 
in the build-up of the most massive early-type galaxy pop- 
ulation from z^l ( e.g. iBell et all |2004|: [Faber et all [2OO7I : 
iKavirai et"al]|2007l : [L6pez-Saniuan et al.ll201ll ). 

In Table[8]we show the percentage of disturbance found 
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Work 


Objects 


Sample 


Rcdshift 


A/xv considered 


Signs of 










(mag arcsec"^) 


interaction 


Malin & Carter (19831 


QE 


137 


<0.01 


^ 25.5 


-10% 


OBEY survey 


QE 


55 


<0.01 


[23.3, 25.5] 


34% 


2Jy sample 


SLRGs 


14 


0.05-0.2 


[22.1, 25.5] 


79% 


EGS sample 


ET 


107 


0.2-0.7 


[22.3, 25.5] 


53% (57%) 


2Jy sample 


SLRGs 


21 


0.2-0.7 


[21.3, 25.1*] 


95% 



Table 8. Results for the OBEY , EGS and PRG samples considering features with fiv C 25.5 mag arcsec ^, to compare with those 
found bv lMalin fc Carted il98^ for a sample of 137 quiescent elliptical galaxies (QE) at z < 0.01. * For the PRGs at 0.2 ^ z < 0.7 the 
dimmest feature detected has a ij,y=25.1 mag arcsec"^. In these percentages we include galaxies with double nuclei as the only detected 
feature (group 3). 



for the OBEY survey (elliptical galaxies in the local uni- 
verse) and the EGS sample (early-type galaxies with 0.2 < 
z < 0.7) only considering features brighter than /.iv=25.5 
mag arcsec"'^. This value was chosen to m atch the limiting 
surfac e brightness of the features found by iMalin fc Carted 
(|l983l ) for a sample of 137 elliptical galaxies at z < 0.01. 
The latter authors used visual inspection of photographic 
plates to search for shells and ripples, finding that only 10% 
of the ellipticals showed these features. This percentage is 
considerably lower than the 34% that we find for the OBEY 
survey when the same depth is considered, likely due to the 
limitations associated to the use of photographic images. In 
addition, in lMalin fc CarteJ l| 19831 ) the authors were look- 
ing for sharp, shell-like features with the galaxy at the centre 
of curvature, rather than more asymmetric features such as 
fans, tails, bridges, etc (D. Carter, private communication). 

The range of absolute magnitude that we are consider- 
ing by putting together the galaxies in both the OBEY and 
EGS samples is Mb = [-22. 5,-20.4] mag (see Section[2)). The 
percentage of disturbed morphologies in the local universe 
is 34% and increases to 53% at z=[0.2, 0.7] when the same 
depth is considered {fj,v ^ 25.5 mag arcsec~^). Thus, we 
find that a significant fraction of quiescent elliptical galaxies 
at low and intermediate redshifts show signatures of past in- 
teractions at relatively high levels of surface brightness, and 
that this fraction increases slightly with redshift. This is 
consistent with the idea that elliptical galaxies have under- 
gone some evolution since z—0.7. However, the interactions 
that lead to this evolution cannot, in most cases, have no- 
ticeab ly modified thei r star formation histories and masses 
(|L6pez-Saniuan et al . H20T1I ). This would explain why in the 
past the most massive elliptical galaxies were thought to 
passively evolve from z=l to z=0. 



5 CONCLUSIONS 

We present the results from a comparison between the op- 
tical morphologies of a complete sample of 46 southern 2Jy 
radio galaxies at intermediate redshifts (0.05 < 2 < 0.7) and 
those of quiescent early-type galaxies within the same mass 
and redshift ranges. Based on these results, we discuss the 
role of galaxy interactions in the triggering of PRGs. Our 
major results are as follows: 

• We find that a significant fraction of quiescent early- 
type galaxies across the full redshift range of our study show 
evidence for disturbed morphologies at relatively high levels 



of surface brightness, which are likely the result of past or 
on-going galaxy interactions. 

• The morphological features detected in the galaxy hosts 
of the 2Jy sample of PRGs (e.g. tidal tails, shells, bridges, 
etc.) are up to 2 magnitudes brighter than those present in 
their quiescent counterparts. 

• The fraction of disturbed morphologies in the quiescent 
population is considerably smaller (53% at z < 0.2 and 48% 
at 0.2 s; z < 0.7) than for PRGs (93% at z < 0.2 and 95% 
at 0.2 ^ z < 0.7, considering SLRGs only) when the same 
surface brightness limits are considered. 

• These results support a scenario in which PRGs, which 
are likely triggered by interactions, represent a fleeting active 
phase of a subset of elliptical galaxies that have recently 
undergone mergers/interactions. 
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